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A_STRACT
This paper is a broad survey of the lubricationof ro111ng-elenw_nt
bearings, Empllaslsis on the criticdl design aspects relatedto speed,
ten_erature,and ambientpressure envlronn_nt. Types of lubricationInluolng
grease, jets, mist, wick, and througI_-the-raceare diSCussed. The paper covers
the historicaldevelopnw,_nt,present state of technology,and the future problems
of rolling-elementbearing lubrication.
!NTROUUCT|ON
In this surveyof the lubricationof rolling-elenlentbearinws, all the
common methods of lubricationare discussed. For the great bulk of bearings in
Industrlalmachinery,weI) detinedproceduresfor aeslgnlng satis1"actory
lubricationsystemsare avallable in manufacturers'catalogs and standarL1
handbooks. The discussionson these more commonmethods are rather brief in
this paper. The aircraftgas turbine engine has provided the impetusand
driving force for quantum leaps in lubricationtechnelogy. For that reason,
this paper leans heavilytoward discussionsof that technology.
FUNCTIUNSOF A,LIQUID LUBRICANT
A liquidor grease lubricantin a rolllng-elemen_bearingprovloes Several
functions. A major function is to separate the surfacesof the raceways and the
rollingele_nts with an elastohydrodynamlc(EHD)film. The formation of the
i EHD film depends on the elastic deformationof the contactingsurfaces and the
P hydrodynamicpropertiesof the lubricant. The magnitude of the EHD film is
: dependentmainly on the viscosityof the lubricantand the speed and load
I conditionson the bearing. For normal bearinggeometries,the magnitude of the
_.HDfilm tllicknessis of the order of 0.1 to 1.0 micron (4 to 40 pin.).
It was onl$ about 30 years ago that it was recognizedthat a lubricantin
the form of an EHD film could separat_ heavily loadedcontacts in
rolling-elementbearings. 6rubin LIJ in 1949 developed an approximatefilm
thicknessequation for EHD line contacts, It was the mld-lg50'sbefore the
first experimentalevidence of an EHD film was obtained. In 1958 Crook L2"I







rupurLotl url _-}tP i ihll LhlC_fl_.S!_ IIII}d.SLD"L'IllC'H{.Sb_YC_Ip(|ClL_IlCU _Nd Uil I lOW
:" Lt_CIIIIiql_;H_ WIliCll tu/ich,IJ t_ L;Ull|irlll t,_lrllur _huurutJcdl prL,uJ_tio,_, 3ill,t: that
illlt._e d IllIJItil41tlL' tit Vl|ridt itqI,% _IIILI hllprUVUlnl.!llL_ ul [H[J LlluUr)' dh WL'II _l_ t I IIII
thi¢;knl_h_ IIll'_l_,_IJl't'llltHIl._|I¢IVL' Ll¢,lJn publl._llU_I,
||1 Illal'l3 dpplicdti_Hl% CufldiLtUllb ,lru ._,uch Lh.t LUl, dl ._els,tl',lLlUll UT LllU
5ur'|dCL'h Jh licit d_.tLlillUU, ]JI,IL i_t 5UIII[' Lullt_lLt Ul dbpurtliu.% (_L_.UI'b, 3t11_I_ _ tile
_ur|dLu_ u| the l'd_.t,Wd,y_._ 4rt, ilUt tdvdl ly SlllUULh dllU t-,U|'tt!_.L t lilt' L_XJ_LJfI_
_lSlJi_rt it,5 iiicl_y IIdVU _ll'L'dlvr ll('l_Jht th¢lll llle .gt;llL, t'dtlJIJ I_lllJ l ihll _nd |.,l_ll(.)l.l"dt@ t l_t
f|hll tu _u/tt_t tilt' {)ppU._11i_ ,_UI*I(Ic_', WllUll tllt_ hal_pem,, it 15 u 5u_unu ":
1UllCt lull U| LIIC Itibrlc._lllt tu iJrt!vunL ul IIiJllillllZtt bur| dEU d{lllld_l i I I*UlII tilt b
contact, A_;tiuII Ul {lUdil. tVt;h iII tilL, luurl(.dliLb did 111k,rutu(;ti._j l, llu Sul'tai_lJb
b,y l'@dCtlll_ with tile bL|r_dLt',% {IIIU l_)rlllJll_l | i htls wllJ_,ll prLWellt _#I'UbS UdllliJ_@°
{_OIILdCLS UI_tWL,I.'(I the} Cd_.IL'_IIIU |ILL' I'OIIIh_J-VIUIiltHILb _llll| LII_' _,_l_lu _I|IU _Ui_Jll_J
IdllU._ Oil tilL' I'd(.|){Ih.l,y {IlbU I)u Iubr'ic.dtt, U U.Y {.Ills IIIthJIl_.
If tilt } upurdt|n_ {:orldJL|UlhS are _u_.h thdt tile d1_iJ¢_l'il._,(..UtlLdt.;t_ clt'_
t frq_l.lu(JIIt end sustdlrlC, UI ::tuhil tCdrlt 5Ul'IdLIJ d_lllht_' q,_lrl ULLUr whorl tlr_ lubr'|i;_lllt
Cidrl |lO }uriu_r provide slit tic ie_lL |_ruti;ctJUll, TIl_ lubl icunl, ! t llll laardlllULur A
is d itledsurt* u| the adl_qUdL,y ()t Lilt.' IuLIr'_Cdllt ti hll tu SUpdrdtu budrtrlg
sot'|aces. A IS the r'dtiu ut_tJ_:ElUJ ttlln l.lrtckrlc, sb LU llr_ cUlrlpobite surface
roughness o , whet'_ (_= VOy + _ ,iltd0| drtu _i_,ar_ tit44RN3
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I asperit_ contacts between lhu rolilrlg surtauus _o bu Iluwiigiblu, ^ must be
gredter lhun 3. wllcn A Is mucI_ I_ss tIlul_I_ urgeslr_uluexpecl siginiticunt
surface damage and short be,u'Ing flit. Wllcrr h i_ butween appr'oxlmatel, 1.5 ,
and ,_, some _syerlty cu_iLact occurs, but saI.istdcLory bearing oi_ei'dtluna_d llte
caa be obtained due to the protection proviUetl by ti_ lubrluatrL. Further
dlscusslun on failure muues arrueftects ot A on bearit_g lltu ar-¢ containeu lh
a later sectior_ ot this paper.
Predicting tl_e r'a_ge ot A |or a giv,m appliLetio_ is uepe_uet_t _ knowin_
the magnitude ut tire EHU |tim thick_ess t_ a |air degr,e.e o_ accuracy. RMS
surface roughness can, ot course, be rrleasuredbut (II_ b_ mobil|ie_ so_t_e_hat
durlr_g run-ln, lhe EHU tih, tI_ickn_ss can be calculat_u by one ut several
_quations. An easil_ applied equation developvu by Hamr')ck and Uowson 13"I,for
eitI_er pei_,t or line cor_tacts is
Hmi n = 3.63 uO'bSGO.49w_O.O]3( I - u-O'bSk} (I)
where Hmi n is the dintensiunluss minimum t ilm lhILkhess al_U k is a
si_Kulified exprusslon tot" the _llipticity pa_amuter
k; \R-;/ '
The other terms are uetlneu in the apyendix.
Convenient relations tar deteMrHning tI_ effective r_li of curvature anu
surface velocities are given by Anderson in 14Jfor botI_b_ll and cy_.indri_al
roller bearings.
Liqukl lubri_,ants also 'serve other rune|lens in r'ollilLq,-elementbearings.
Heal generated it}a bearing ca1_be 1'u11_Jvuuit tl_elubricant is cir'culalud '!
tllrougl_the bearing uitI_cr to an external heat exci_ang_r or s1:irpl:_brought into
conlat with tl_usystem c_sing or l_ousii_9. Utl_ur cooling tuclmiques with
recirculating lubricant s_stems will be discussed later. Circulating lubricant
also flushes out wear uebris Irum inturmittent contact in the bearing. Both
liquid lubricants and greases can act as rust arm _urrosiun yruvunt.,tlves _nd
help to heal out oit't_dust, and muislur'u.
3ULIU FILM LUBRILATION
When opt, Fat furl _.l| re I I i rlg-_2lemon| bearlrlgs is rcqu ired at extreme
tBnperatures, eithL,r very hlglror very low. mr at luw pressures {vacuum). rmrm_I
liquid lubrlcanls or gT'eascs are _ut usually suit_blL,. Iligh te,peraturc limits
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t)ll_Iilt)t.rllupuIlip%llle(.a!le_IItll_:hdII or ruIfill"bl'dl'lll_}i$ t.Ypil.dI13
labrluatudIrum u pul)'I,_,tr+,Ilum'_leLILyl_,ne(Pit.I:]coilt_hliil._,11_tei'l_I LSJo
LubrlcdLIll.qlihII._dl'i'luriI1edillI,ho rd_;ewdb'uulII,u_+LsI)3 PIFL transturr_dlruln
tll¢_ bdl IS tit" rullel'_ wllllll Ilavl' rul;lled the cd_e pUl.kL_t SUl'l_ti_b dlld pickc_U Up a
tihllof PTFI_, i',OOllll,qat llt!,Irill_.It_Illth_#,SL'_Ipplicatio.sis ru_u113_c_;umplisllud
appli_Itluli_wll_rt_radiationm_.v_Iso hu present, I'T_LtrilledmaLuri_l_ are not
suit.ablu,buL lead _lldlead allu_ _u_tud c,tyesc_m SUPlJI3satiMactur.ytrdllSter
fih, lubricationLt+].
In ver_ Iilgh LelllpuraLur_, dppliddLtUllS_ lubriCdtlUll wlLh louse pOwder_ or
bOlldedtlIII15_lldSpl'uVidelStilll_d_IrL_i?el seLL;aSS. POwderssUClld$ IIIOl.ybdellUlll
disulphide_ leadmonoxide, alldgrapl_iLuflarebee. LesLuUup tO 9ZZ K (IZO0o F)
L73. However, llUltlli.,rloosepowders lIL)l'bOlldedtlhllb lleV_JbuelllllU_;hUb_ in higll
tellperaLurerolllllg-elem_:.tbedrillylubricdtiun. Primer3use ut bondeu iilms
alidcompositesColiLdiliiliysolid lillllubri_.anLsoccurs illplaillbeariliysdlld
busIlingsilltileaerospace indusLry. FurLherdis_usslonSut suild tiim
lubricationcallbu tOulldill[U ,+lliU9J.
GRLASL LULIR|L;AI|ON
Perhaps Lhe most COlllllIOlllw|dul._used_ most sllnplu,and lllOStillexpenslve
mode of lubricationfor roiling-elementbeal'illgsis grease lubrication.
LubrlcatiilgreasesCOIISisLO| d t luld pIldSeot eiLher a peLroluum oil or e
sylitlleticoil and a tlllck_llel'.AddltiV_S simlll_r Lu Lhose illoils _re used,
! but generally in larger qualILiti_s.
The lubricatingprocessat a 9r_as_ in a roIIiny-ul_llentbearing has beell
described i11tileliterature|n a waa that is perIldpsovershlIpiitied.Tile
thlckellerpllaseacts essentially,as u spa.goor reservoir Lo lloldtll_
lubricatingfluid. Ill411operatillgl'ollilly-eleilielitb aring, tileyl+Uase
generallycllannelsor is moved out of tilep,_thut tilerullinyballs or rollers
and a portioll at tiletluidpllasebleeds into the racewaysalldprovides tlle
lubricatingiunction.
Scarlett L10], uttemptedto observe tllu llleChdlll_llOt yl'UdSelubrication.'
He found that tilefluid illtilecolltacLareas at the ba_l+ or rollersalidtile
raceways appeared to be grease illwllichthe thickellu_"lledbrokelldowllill
stl'uctur.,due to its being seVUl-elyworked. This _]uid did not l_Seillbletile
lubricat,tlgtluid above. Also_ as SllOWnb3 LI.VSOIIaliakilsullLII], tileLHU tilm
thicknesswith 9i'_asuoes hal l'e_ctto _lla;IgUSin speed as would bu expected
fronl the lubricatin_jflui_Ialone, which indicatessome more complicated
lubricatlilgme.cIla_Nsmwltl)grease. |t appears that more work must be done to
understandand be able Lu predicL tileEHU ti|iAIol111ill_llldtUl'Uat grease.
i Grease lubricaLlullis geliul'a113 used in ill,_.more lllOdel'dtL._ reJ Jillg-L;le,w_nt
bearing applications+althougllsotlieat tilelllOl'er celltgl'edbe uOlllpUSitiullS dre
tilldillgusu illsevere ael_aSpacetivirtHlll|elltssucllas Iliglltetllperatul'e dlldtile
vacuum Of space. TilelllajoradValltages01+a grease lubricatedroIlillg-eielnellt
bearing are si._.li_it_vat destgll,ease ut iIidiiltenance,aIldalillimlzeuweiglltand
space requil'emenLs.
Greasesare retainedw|thIlltllebe.rilly+tliustlle3 _Junot remove weal"
debris allddeyl'addtioll_,rouuLtsIrotuthJ beal'im.l.The grease is l'etailledither
b) shields or seals or b.l tile deSltJII tit tile liUubitl_J. POsitive t;Ulltat;t sculls C_tll
add to till-: lledt _Jeliei'ated iii Llil_ bearl ly, Lll't'asus _lo Ill_t reliiOve Iit_tt from a
bedl'iny a; a ch,culdthly liquid lubrtcatiun s_vsit_lll tltll.'b,
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i Tile spe_d limitdLiun_ ul grua_u lubricated I_arirly_ _lr_ du_ m_ifl)_, to
]_III_tt_L] C_lp_Ctt_' t.{J LliSSIpdLU h_dt, but _r_ diso dttu_;tu_l I_y L)_arlIILj t3pu _lnd
cage L,ype,StdlId_Irdqu_lit$ (ABLL_Ior 3) ball (llIdc3lirluri_dlrolJur b_l'InI_b
i wltllsLamp_ stuel cago _r generally l mit_-:dtu O,Z t,o U,3 million IJN, ([IN I_
d sput:.,dp{IrdllluturwIliullIs Llm buru illmillimot_,,r._,,lultIpli_,ub_,tileI_puuuin
rP,O, Mere pruclsiun bearings (ABEC-b ur 2) wiLll m,_cllirluUl_lel;allicor plierlOllc
j cages llldh'be opl._.r_tt.,U(ishigh as 0,,_Itu O,b mIlliorlBN, Gru.,sulubrlcateu
taperedrullur bearings and spherical rollerbearings are generally limi_u_to
I luss tharlU._ inilliunUN anu O.1 milliu_ UN, ruspectivul_,,Tl_eselimitsarebasicall3I,llosestated in buarln9 ma_utacturers*cat_Io_. Additional
discussionot uses a,u limitationsot gru,_sulubrlcationin ruili_g-ole,_n_
be_rlngs is touml in LIu].
i The selectionOt t_pe or classltIc_tiunut grease,b._butlxcut_sisI.enc_and
type of thickuner_is based ollLieuLuii_uerdtures.peeds,a_Idprussuru_ I,uwhich
1,hebearings dre to be uxposed. A cumpruliensiwUlscu_siunot yrease l.¥pes(_ll_
con_ositionscan be found tn ruturunce LIZJ. Fur most appllcatlon_,the
rolllng-elementbearii'igllenutdcturercan rec_IIilluIldthe L_pe ot grease and Ill
sonlu Cases can suppl3 buurings prelubrlcatedwith ttle reco,_,enuedgrease.
Although in many cases a piece ot equipment wltl_grease lubrlcateuball or
rollerbearings ma_ be describeo as "sealedfor llfe" or "lubricatedfor llfe."
it shouldnot be assumedthat grease lubrlcateubearings have Intlnltegrease
life. IL may unly impl3 that that piece ot _quipment has a useful life less
titanthat of the grease lubricatedbearing. Un tl_ucontrary, grease in an
operating rolling-elementbuarlngI_asa finite life wnlch may be less than the
calculatedfatigue life of the bearing. Grease file iS limitedb_Vevap_ratlon,
degradation,and/or leakageof tI_utluiu from the grease. To preclude bearing
failuredue to inadequatelubricationor worn out grease, periodic relubrlcatlon
shoul_ be scl_eduleu.
The period of reblubricationis gunurall,ybased un experiencewith known or
similiar systems. An equdtlon estimatinggrease llfe in ball bearings has beenpublished by Booser 113]. The basis for the _quation is a compilationof life
tests on many sizes of bearings in electricmotors. Factors in the equation
accountfor type of grease, size of bearing, temperature,spee(I,and load. With
a Combinationof operatingexperienceand trends trom the Booser equation, a
satisfactoryrelubricationschedulecan generally be applieo. When possible it
would be wise to observe relubri.cationintervalsrecon_,endedby equipment
manufacturers,since relubricationshoul_ be based on representativegrease llfe
experience.
JET LUI_RICATION
For rolling-elenientbearingapplicationswhere speeos are too high for
grease or simple splash lubrication,jet lubricationis trequentLvuseu to
lubricateand control bearing te,_eratureby renw_vlnggeneratedheat. In Jet
lubrication,the plac_ent of the nozzles, number ot nozzles, jet veloclt_,,
lubricantflow rates_ and rentovalot lubricantfrom the bearing and i_mleulate
vicinity are all very importantfor satisfactoryoperation. Even the internal
bearingdesign is a factor to be considered.
The importanceof careful and proper jet lubricatingsystem designwas
shown b,VMatt and Giannotti L14"Iand is su,Barizedin Fig, I, For seendngl_
Identicalbearingoperatingconditionsof load, speeo anu lubricantflow rates.
drastic differencein bearingoperation a_iotenperaturecan be seen. In the
case shown by the dashed lines,temperaturerises drasticall,ywith increased
flow rate due to use ut a simpleoil ,let(lirectedat the loadedsi_leof the ball
bearing inner ring and inadequatescavenge port size. For the case shown by the
solid lines,properl,yplaced multiple jets and largerscavenge ports with an
external scavengepump allowed a decrease in temperaturewith increased
lubricantflow rate I,oan optimum level, It is obVioUS that some care n_st bu
taken in oesignin9a jet lubricatedbearing sysLB_, i
The proper placement ot jets shouldtake advantageof an3 naturalpu._ing
ability of the bearings. This is illustratuoin F_g. Z fur a ball bearingwith
relieved rings and tot a taperedroller bearing. Centrifugalforces aid in
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Oirecttng jets tn the radial gaps between tt_e rings and the cage is
,beneficial. The design of the cage and the lubrication of its surfaces _ltdtng
on the rings greatly effect_ the htgll speed perforn_nce of Jet lubricated
bearings. The cage has been typica|iy the first element to fail in a high-speed
bearingwith improper lubrication.
|t is shown in L15 and Ib] that with jet lubricationouter-rlng-rldlng
cages give lower bearing temperaturesand allow higher speed capabilitythan
Inner-ring-rldlngcages. It is expected that with an outer-ring-rldln9cage,
where the largerradial gap is between the inner ring and the cage, better
penetrationand thus better coolingof the bedrl,g is obtained. Some
conflictingdata e_Ists, however, for l_O-n_- (4.7_44-In.-)bore ba|l bearings
17] which shows cooler bearing temperaturewith an Inner-rlng-rtdlngCage.
his differencehas not been resolved.
Lubricantjet ve}oclty is, of course,dependent on flow rate and nozzle
size. MiyakawaLib],in experin_ntswith 30-n_- (1.1811-in.-)bore deep groove
bali bearings with outer-ring-ridlngcages, sl_owedthat Jet velocity has
Significanteffectson bearing tel_erature. Figure 3 from [15] shows that jet
velocitiesgreaterthan I0 mlsec (3_ ttlsec)and preferablynear ZO mlsec
(66 ftlsec)are required for good penetrationand cooling of the bearing. The
penetrationratio is the ratio of lubricantflow transmittedthroughthe bearing
to the tota) lubricantflow from the jet noZz}e.
It has been shown [15] that with proper bearingand cage design,placement
of nozzles, jet velocitiesand adequate scavenge,jet lubricationcan be
successfuI|yused for smai$ bore ball bearings to speeds up to 3.0 million DN.
Likewisefor largebore bali beering_ L17], speeds to 2.b million DN are










Figure2. - Placementof Jots(or ballbearingswith
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high lubricdht tl_w r_ltu of l],l-)Zb) m,_lmll_ (4,0 .qpm)_r,J _ rul,_Llw:l¥ low
olINin temperature at _[_0 I<,_l_Llu I:) w_rv ruq_tr_;_l,
UNIILR-RALIi LUI_R] I_A]]L)N
Dl31_r}_]till) lllld_]gl_J_5, d£ 51J;?l_dl,uf Lh_.'llld)ll 511d|L it| LLlrboJet #llLJ|ll_5 WI_FU
pUShed :(Jwargs, d 11_r{_ulfiicLivv ¢lllLl l'|lll_it'llt lit(hillS Ot lul_ri_aLill 9
rolling-element bearing_ wa_ duvulop_d, (4mvuntluflal jet. lubrication t_il_O t,o
=_lequatel,y _;ool _ted lUbl'll.:,dt.I _ LII;. illll;q' I'd_t_ i.tllltdl_l, ilI, tile lul_ri_;dnt, wd5 thrown
contriflcal|y outwar¢_, ilIcrt_ds¢._dtluw l'd_.l?l,Olll.y dl)tll)d t.O lIUd_ 91_l_L_l_Ot_Ol_frOlll
churning tl11_oil, Browll [|gJ dt._S_;l'll}('d¢]II "Lllldl!l'l'il_l _ oiling system" u_e_l in
tlJrbofdn engine for boLII bdll dn_]_3l llldl'=141l roller lledl"lll_Jl_, Figuru 4 1 _'rOlll
[._9_J_51_ow5the te_.l_nlquc used t.o _}_¢,_:t t.llt_ ll]l)|'l_a_t Ulld¢_l"._I_I _el_t_rll tc,o ll 3
OUt tllroggh Uoh_$ _I_ the ]nfil_r l'd!.U I.Ll Ll)O] dlld IUbl'|l_dt.U tllu bCdl*ill9. _OfllU
]ubrlcdnt mdypass _omplet.uly t|ll'OUl]h lillllt'l' the bear(flU |or cuOllllg l)111,y d5
shown in Fig, 41d), Alil_ougll IIOL _.llowll Ill thu ti_Jut'_ 5_)llll: rddldl I_0_l_5l]l_1,ybe
used to Supp]3 lubrl_dnt, t.o tll¢ ¢o!I,2 rld111U liillds,
_-OILJETt_.,% t _-'---"_ I"I








Figure4. - Underraceoilingsystemfor mainshaftbearingson
turbofanengine. (Fromllgl. )
This lubricating technique has been thoroughly tested for large bore ball
and roller bearingsup to 3 million UN. Results of these t_sts l_avebeen
publishedby Holmes [ZO] with JZb-llWll-(4.gZlZ-ln.-)bore ball bearings_Signer,
et al. [ZI] with 120-nrn-(4.1Z44-1n.-)bore ball bearings,Brown, et al. LZ2]
with 124-n=_-(4.BBlg-ln.-)bore cylindrlcalrailer bearings,and _lzuller L23}
with 118-n_n-(4.b457-1n.-)bore c311ndr_calroller bearings. An exampleof the
effectivenessof under-race ]ubrlcatlonand cooling is sl_ownin Fig. b from
[ll'J.Under-race lubrlcategball bearltl_jsran significantlycooler tl_an
Identlca]bearings run with jet lubrlcation. Beyond Jb IOO rp=I=(2 million UN),
the beadingten_ueraturewltl_under-raGelubricationincredsedonl3 nomlnall3 1
while that with jet lubricationi_xct'eesedat an acceleratedrate, Olxlyat
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Figure5. - Effectivenessofunder-racelubricationwith120mm-_re angularcontact
ballbearings.(Oil-intemperature,394K(250oF); fromIIT]. )
1 Under-race lubrication wdS successfully used under a varietJ_ or load conditions
up to 3 million DN [17 and ZI]. ]
Applying under-race lubrlcatim_to small bore bearings (<40-rnmbore) I_
more difficult becauseof limited space availablefoe"groovesand radia] hoIes_
and means to get the lubricantunder the race. Fur a given DN vaIue_
centrifugaleffects are more severe witl_small bearings since certrlfugalforces
vary with ON_. Heat generated per unit of surface area is also much higher_
and heat removalis more difficult in smaller bearings.
Aitl_oughIt was previouslyshown tl}atoperationsup to 3 a_l|)IonDN can be
suCcessfu|lyachievedwith small bore bearings with jet |ubricdtion_so_
advantagesmay be attained if under-raCe " hricatio,can be used. $chuIler L?4]
llasshown signifleantly cooler Inner-rue _e,_oeratureswltll35-nI_-(1.3?_O-in.-)
bore ball bearings with under-race lubricat|o,. As shown in Fig. bt from L_4].
the effect is greaterat higher speedsup to 7_ 000 rpm (_.5 rot|lionDR).
Taperedrailer bearl,gs have been restricted to lower speed appltcatlons
relative to ball dnd cylindricalroller bearings. The speed limitdtlonis
primarilydue to the L.me-rlb/roller-elldcontactwhich requires very careful
lubricationdnd cooling considerationat higher speeds. The speed of
tapered-rollerbearings Is limitedto that widcI_results in a DN value of
approximately0.5 _qiliionUN (a cone-rib tangentialvelocityof approximately
36 n_IseC(7000 ftlmln) u,less speclulattehtion Is given tO lubricatingand
designingtlds ¢one-riblroller-endcontact. At higher speed% centrifugal
effects starvethis critical contactof lubricator.
In the late 19bO's_the teclmiqueof und-r-race lubricationwas applied to I
tapered-rollerbearings_ that is. to lubricat_and cool tl|ecritical !
cone-riblrolIer-eI_dontact. As described in L_5]. BB.9-n|1_-(3.b-il_.-)bore X
tapered rollerbearings were rub under combined radial and thrust loadsto 1.4_
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iIIl lltuII U_ with d _UIIlilllidLIUII Ul _,,aJIlO-l'lb IUIII'tL_ILIUII drill _t,_ 1UUi'll;dL|Oli.
ii q -
(4,lb-t_u=) bure t_peredoroil_;r be_rtmj_ under _,_bim:_l r_di_l _nd HIru_l, lo_d
wtl.l_under-r_c_lubi'i_liunLu bOLll I_rye _v_U(_on_-rlb)a.U s,,_ll_[;dtu _peedS
UP t.o Z,4 odllion I_N.
Ull_t'l'-l'dl_e IubI'Ic_,LIOII lidb |)I_I:II511UWII t_,l Vel',_ _uu_e_sfull_I'OdU_e
tnllqi'-lh;tCe t_llll_t.H'_ltUl't!,N, I|k_l_WtH'_ dt tllu b_llll_ ttllle_ outO, i" I'd_,e L_lllpl2i'dtui'el3
OtLll_l' l'_llhtt_l ilt_]h L].U_ m' aru lltUh_r I.l_un _no_e wl£11 ,jot lubrl_alton _ t_llow,
litFig. b tru_1_(.c J. [lleus_ el uut_Jr-r,_c'e coolingCdn be u_ed tO i'uduCethe
outel'-,l'_e L_lllpel'_tui'e to levels _t or ne,w Ltle tllll_l'-i'_c,_ t_illl>el'dtUl*e, , Tilts
would tul'tllet ° ddd tO to the SI_Ut_d Cdpdb| l I toy ('t Ulidel'-P_ICe lubrlc_tedbearlngs
and _votd l_rge dtfter_nt.t_ls t_l b_rll_tl L_,_per_turu that could cduse e_ce_stve
'tlltel'll_ _ C l eal'dllCe,
The effect of outer-r_cecooling (m' cup cooll.g in tl_ec_e of
t_yered-rollerbe,u'i_igs,set Fig. l) is sho_n h_ T_bl_ I fronlL27j. Tilecup
outer-surfacetemper_tureis decrudsed to tl_econe bore te,_per_turewil,l_cup
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TABLE1, - EFFECT(IF CUP(JOOLINGONTAPERED-ROLLER
BEANINGTtEMPERATURE,S
{Shaft_peod,^16_00 rpmLoil-lnt_mperat,rn,
364 K (lgfiu F)T, totalflow r,._towlthQutcup
coollng,0,0114m_/mIi_(3,0_Ipm)lfromIP,I},)
Cupcooltn@ Tom!_erature,K (OF)l_lowratio, ........
m_/min(gpm) Cono Colin Cup outor Oil-out,Cup¢oolln9
faco boro surfaco oil-out
0 389 423 4as 4_0 .....
(_40)(_0_) (_29) (30?)
o,oo3s(l,0)391 424 424 42B 3ss
(24S) (303) (304) (30B) (23S)
-- NOOUTERRACE
COOLING
&! i _0_ ..... OUTERRACE_OOLINO
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Figure9, - Effectofouter acecoolingonouteracetemperatureof3.'_-mmbore
baitbeatingsat12_ rpm, IOIHnt_ml_reture,_4 K12_0° fl_fromI_41.)




Becauseof theaddeddlfticultyof applylngIt_tl_euseot under-race
lubricationwithsmallborebearingshasbeenminimal,but thebenefitshave
beende_Jnstrated,It appearstl_atapplicationot taperedrollerbearingsat
higherspeedsusingcone-rlblubricationis imminent_but the experienceto date
hasbeenprimarilyin laboratorytestrigs.
11
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energy storageflywheel presently undergoing%_stingOt the author's
Ioborotory, The wool felt wick iron,portsoil from tho r_ervoir to a topered
sleeve above the bearing, The oil is centrifugally fed to the b_artng, is
circulated through tide hearing and returned by gravity back to the reservoir,
Unpublished tests hove shown stable and successful operation with this system
with 2_mm bore ball bearlngs to _0 000 rpm in o vacuum of 0,I mm Hg,
: AIR-OILMIST LUBRICATION
_nothor ten.only used lubricativnmethod for rolling-_l_mentbearings i_
air_Jllmist or aerosol lubrication, This II_tliuduSeS a suspension of fine oil
i particles in air as a fog or mist to trai_sportoil to the bearing. The fog is
! then reclassifiedor condensed at the bearing so that the oil particles willwet
the bearing surfaces, Reclassification is extremely important, since the smell
oli particles in the fog do not readilywet bearing surfaces.The reclassifier
generally is a nozzle that accelerates the fog_ forming larger otl particles
that more readilywet bearing surfaces.
: Air-allmist lubricationis non-r'eclrculatlngithe ell is passed through
the bearing once and tl_en discarded. Very low otl flow rates are sufficient for
lubrication of rolling-elu_zent bearings exclusive of the cooling function, This
type lubrication has been used in industrial machinery for over bO years, It is
used very effectively in high-speed, htgh-prectstoa machine tool spindles.
A recent applicationof an alr-ollmist lubricationsystem is in an
emergency lubrication system for matnshaft bearings in a U.S. Amy helicopter
turbine engine. An emergency lubrication system was required to allow safe
engine operation for up to 30 minutes in the event that the primary lubrication
system (recirculatingjet) suffered severe ballisticdamage.
An experimental program whtcl_ verifies the feasibility of this approach was
reported by Rosenlleb in [zg]. It demonstratedthat an air-oil mist system
along with auxiliarycooling air could provide satlstactoryshort term operation
of a 46-n.nboreangular-contactball bearing to speeds up to 3.0 mlllion DN.
Successful tests up to 100 h_ur duration w_re performedat 2.0 million DN with a
: mist oil flow rate of _84 cm /llr (16.7 in. /hr), a cooling air flow rate of
0.337 scmm (ii,9 scfm) and a bearingtemperatureof 472 K (3900 F). This o11
: flow rate to the bearing is at least two orders of magnitude less _han would be
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i_ AnoLhorSypeof surface dl._tr_._s relntod to tthn parameter A t_ peeltn_
I wlliChlla_beensol:ifintapered-rollerbearingra¢i_wdy,%Peeling,,a_ descrlbed
b_ Llt.tmann ,IndMeyer _4], i_ a very stlalh)w area, uniform in depttl m_ually
les_ tllan 0,013 flil_(|),()OOhILL,), Fi.N, 13 strawsa cup rdceway_urfaco of
tapered-rollerbearingwithp_t,ling. Itwa_ _hOwnthattllisn_dvof distr_hs
couldbe olimindt_dby iml,ruvlngtla,A value(mipubli_llodtestsat tlle
authort5 laboratory).By inlprovingsurface,fhlil,lldad lowering operatlnl)
i tt_i_peratureto tncro,a_o A_ tire peeling distre_ w_,_avuid_do
, To precludesurfaceuistru_ dnd pof,sihl_?earlyrolling-elementbearing
failure,^ vdluo5lose.tlian3 _llouldbe avoided, WllontillsconditionIll
attained,the appoarallcoOf tIlOi'a_vway surfdcO shouldbe _imilartO tllatofI Fig. l?(d) where ortgtn,.ll grinding marks arid texture _le uIlclldng_Ido
LIIIIRICAIION_FF'LI.TSON FATIGUELIFE
The EHUfilmparameter^ I_asaddedsignificd,_cewithrespectto the
fatiguellfeof roiling-elementbearings.Tallian_32]relatedA to bearing
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bearingsovera rangeof A valuessimilarto tI_atof Fig.14, Theauthorsof
[36]havereconmlendedan averagecurve,Fig.15, basedon bothTalIians_ [LiZ]
and 5kurka's[35]data. Tillscurvecailbe usedto determinea lubrication
factor. To obtaina bearingllfetllatisadjustedfor lubricationeffects_the
calculatedAFI]HAbearinglifeisniultlplledby thisfactor.
Theeffectsof lubricationon fatiguelifeflarebeencriticallyexploredby
, Tallian[Ji'J wliodescribesa ilk.iresophisticatedlix}dOlw _Ichincludesasperity
slopeandtractioneffectsamong oilierfactors. Tlliswork132]and thatof Llu_
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Life correctionfactors for lubricanteffects are now being used in
; sophisticated cot_:puter programs for analysts at rot Ihlg-element bearing
performance such as those of Creceltus LJ_] and I_leckner [40]. 111such
progr_s_ the lubricant i ilm pdr_lleLer is calculated, and a life correction
factor is used in bearing life calculatimls. Furtller discussion of tllese
L computer codes can be found in another paper at tl_ts conference by Ph'vtcs L41].
A practical account of tile effect of the lubricant film paraneter A on
bearing fatigue life is given by Russell and Clark L4L]. A group of aircraft
turbineengine main shaft ball bearit_gswere touttdto hl,ve poor outer raceway
surfacefinishes. The faLlgue l|fe determinedfrom rl9 testii1g;hese bearings
was found to be slgnlficallt13less than tileIlia of _'_liar bearings wlti_proper
surfacefinishes and considerablyless tllanpredicted by metl_odsof [3b]. The 'i
bearings with poor outer raceway finisllesllada cal,.ulatedA value at the I
outer-race-ballcontact of 0.7. Acceptablefitli_i_e,_an the outer racewa3gave a
calculatedvalue of approximately3. The experi_la_'ntltresults sllowedtwo orders
of magnltude llfe ditferevlce,wllereasthe I:'redlcted11tedlfferencewas
conslderablete_s than o11eorder of ,_lagnitude,
No other publlslleddata known to tlleauthor have shown sucl_large llfe
differencedue to lubrlcatloneffects. It is possible that other factors
entered |ritethe llte reduction suLllas material/lubricantinteractions_nd
chemical eftects. U_ to now, Investh,latorshave concentratedon tlleph3slCal
factors involvedto expialn tl_egreater scatter It_ltte results at low h
values. MaterlaI/lubri_antcllemicalinteractionshave not been adequately
investigated. From decades of boundary )ubrtcatlonstudies, It is apparent that
chemical effects must play a significantrole where there is appreciable
asperity iliteraCtlon.More work needs to be done in this area.
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It is well r',_,oqntzed that fatigue failures which occur on rolling-element
conSacts ar,)a con.,,equen_vui _o,,petltlvP,failuren_de_ doveloplngprimarily
from either surlaceor _,ul}._,urtacodefects, Subsurface initiatedfatigue, &hat
which originatessllgI_tlybeluw the surface in a regionof high shearing s_ress,
Is generally the mode of tallurefor properl.Ydesigned,well Iubrlca_ed,and
well maintainedrolllng-_,le,_ntbearings, Surface initiatedfatigue,often
originatingat the tral iml edge of a touallzed surface defect, is the most
prevalent mode of fatigue f,_ilurein machlner_where stri_.tlubricant
cleanlinessand/or suftlclentEHD fllm thickness are difficult to maintain.
The presence of cuntamlnantsin rolllng-elementsystemswill not only
increasethe likelihoodof surface initiatedfatiguebut can lead to a
W slgnificantdegree of component surfacedistress. In [43], experiments
performedon tapered-rollerbeurlngs have Shown that wear is proportionalto the
amount of contaminationin Lhe lubricant,and that the wear rate generally
increasesas the contaminantparticle slze Is increased. Furthermore,the wear
processwlll continue as long as the contaminantparticle size exceeds the EHD
i film separatingthe bearing surfaces. Since this fllm thickness is rarelygreater than 3 microns (118 pin.) for a roilingcontact component,even
extremely flne contaminantparticles can cause some damage.
The research of [44_ showed that an 80 to 90 percent reductlon in ball
I bearing fatigue life could occur when contaminantparticles were continuouslyfed into the recirculatinglubrications.Ystem.Also, ball bearing life tests
reported in l:45]suggestthat the use Of an "ultraclean"lubricationsystem ma:t
improvebearing 11re several-foldover a conventionallubricationsystem.
(a}TESTBEARINGSUSPENbEDAFTERLL72hoursFROM3-micron-ABSOLUTEFILTERTESTSWITHCON-
TAMINATEDLUBRICANTITESTSERIESIll
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Loewenthaland Moyer L4_Jreportedthat finer filtration improvedbearing
fatigue life and decrea@edwear_of bearingcomponents run in a systemcontaining
}ubricantcontaminatedwith carbon,siliceous and metallic particles. The
photographsin Fig. 16 show inner racewaysof the 65-m_- (Z.b5gO-in.-)bore ball
bearings run in these tests and illustratethe progressiveincrease in surface
distress and wear with coarsertilter size. This is reflectedby an increase in
the intensityand width of tl_ewear track coupledwith the increasingabsenceof
rlndingmarks. Although bearingfatigue life was similar for the 3 micron and
0 micron filter tests, the use of filterscoarser than 30 microns reduced
bearingfatigue life as shown in Table _.
There has been a reluctanceto use fine filters becauseof the concern that
fine lubricantfiltrationwould not sufficientlyimprovecomponent reliability
to justify the possible increase in system cost, weight, and complexity. In
addition it is presumed that fine tilterswill clog more quickly, have a higher
clean pressure drop, and generally requiremore maintenancethan currently used
fi}ters. The study described by Lynch and Cooper L_/] demonstratedthat these
presumptionsare not always correct, In this study, tests were performedon a
3-micron absolutemain oll filter which replacedthe original production
40-micronnominal (65-_dcrot_absolute)filter for a helicoptergas turbine
engine lubrlcatlonsystem. Th_ new t_Iter elements provided a much cleaner
lubrlcantwith less component wear, wl_ilegreatlyextending the time between
filter removals for clogging and oil changes. This was accomplishedwith a
modest increase in filter size and weigl_tand with a new filter clean pressure
drop nearly the same as the original productionunit. The turboshaftengines
which power advanced helicopterssuch as the ArroyOsUTTAS and AAH now use
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)._+ TAfiLI_;h - FATIGUI_-klF_Rt+_ULT_OFb_MILLIMIT[R_llORtI1AL+I+_+R1NQTt+ST_FOR
VARIOUSL_VLI_Of IILT_4T(DN1_A CONTAMINA1_DLUBRICANT
i (t_dial 1o_d,4_flON (!030 lhf)_ _poed,1_OOOrpm_t_mporatwre,_147K
(1_ e l'}i t_lt Iml,rl_+nt, MI1-1+_3flHgf_fl_+from (461,)
T_e,t-_- -T_;it_ | Ii_p,;rln_nt,dh_ur_'-] Wel_uil 'Fili_r;- Confidencen.mber,_
loP|el" filter _-_---_- .., ...... _ _lepe (ndeNh por_ent
absnlut,_lO_per_;ontI bO@l,r_,nt/ - - ._r_==:=--=-.
)
Ill 30 1 694 i _1 | b,l;_ 11out of 16 _7 I t9
_0out49 I 367 | 533 1 _,a6106 I ... / ... / ................
eTostseries I u_ed_leaeoil,|It all other_cont_mlnsnt_woreadded.
I_Nomberof fatigue failures out of nu_er of bearingsto, ted, .cprob_btlt_ oxprostedas a p¢_rcontagtthat tho fatigue lifo in the comtae_lnatee
lubricant test series will b_ less than the life withthe cleanoil in test
d series1,
Test seriesV wassuspendedafter 44Ht,,_t Ilourson eachof the tt,st bearings
dueto excessivebearingwear, Nofatiguefailures wereencountered,
CONCLUDiN_REM_!K$
This paper provides a broad survey of tho lubrication of rolltng-ele_ent
bearings. Lt covers the basic functions of a lubricant, _OWtO get it to the
bearing and whet happens if it is not successfully applied. Types of
lubrication ranging from routitle grease or splash metl_ods to the e_re
sophisticated under-race lubrication and cooling techniques are discussed.
Emphasis is on the state of the technology ahd limitations of the various
methods of lubrication. For ball bearings,cyllnJricalroller bearings, and
tapered-roller bearings, great gains have been made in the last decade to extend
their speed capabilities. Under-race lubrication now allows reliable operation
to such high speeds that a material and stress related problem (inner-race
fracture)has become the limitingfactor.
Temperature limitations of rolling-element bearings are less related to
method of lubricationthan to the temperaturelimitationsof the lubricant
itself. The use of under-race and outer-race cooling should however, extend the
useful temperaturesrange by keeping racewayscooler for better EHD film
conditions.
For very high temperatures,cryogerlc temperaturesor high vacuum
environments,a designer now has some ci_oiceof solid film lubrication,transfer _Ii
film lubrication,or lubricationwith some of the newer greases. These are, ]
however, llmltedlife appllcattonscompared to proper ell lubrication.
The limitsand tecllniquesfor _et lubricationare fairlywell definedfor
ball bearings and tapered-rollerbearings. Jet lubricationof cylindrical ii
roller bearings has received littleattention in recent years, but is being very
satisfactorilyused for both largeand small si_e bearings in current aircraft
turbineengines, i
The use of energy storageflywheels,either in transportationsystemsor in
stationaryapplicatlonsmay requirerolling-elen_ntbearingsto operate rellab]¥ I
in a vacuum envirorm_entfor extended periodsof time. A wick lubricationsystem _
is proposed, but furtl_ertesting is necessaryto prove its long term operation.
The effectsof EHD lubricationand the consequenceof marginal EHD film
thicknesshave become understoodto the point that they can be used to better
predictperformanceand life of rolllng-elc_entbearings and to aid in
diagnosing lubrlcatlon-relatedbearingfailures. However, the effects of
chemical interactions,wl_eretl_ereis appreciableasperity contactat low
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